We isolated and characterized embryonic lethal mutations in piragua (prg). The prg locus encodes a protein with an amino terminus Zinc Finger-Associated-Domain (ZAD) and nine C 2 H 2 zinc fingers (ZF). prg mRNA and protein expression during embryogenesis is dynamic with widespread maternal contribution, and subsequent expression in epithelial precursors. About a quarter of prg mutant embryos do not develop cuticle, and from those that do a small fraction have cuticular defects. Roughly half of prg mutants die during embryogenesis. prg mutants have an extended phenocritical period encompassing embryogenesis and first instar larval stage, since the other half of prg mutants die as first or second instar larvae. During dorsal closure, time-lapse high-resolution imaging shows defects arising out of sluggishness in closure, resolving at times in failures of closure. prg is expressed in imaginal discs, and is required for imaginal development. prg was identified in imaginal tissue in a cell super competition screen, together with other genes, like flower. We find that flower mutations are also embryonic lethal with a similar phenocritical period and strong embryonic mutant phenotypes (head involution defects, primarily). The two loci interact genetically in the embryo, as they increase embryonic mortality to close to 90% with the same embryonic phenotypes (dorsal closure and head involution defects, plus lack of cuticle). Mutant prg clones generated in developing dorsal thorax and eye imaginal tissue have strong developmental defects (lack of bristles and ommatidial malformations). prg is required in several developmental morphogenetic processes.
Introduction
Zinc-finger domains (ZF) are among the most prevalent and diverse domains in eukaryotic genomes (Laity et al., 2001) . The diversity of proteins that harbor such domains, plus the different modifications suffered throughout evolution, creates opportunities and a conundrum: They are clearly very important and versatile, yet this very commonality and prevalence has somewhat obscured specific zinc-finger containing genes and their functions. In Drosophila, close to one hundred genes coding for ZF and Zinc finger-associated-domain (ZAD) are known, but few have been extensively studied.
Here we characterize one such gene: piragua, that illustrates their versatility: It is required multiple times, during gamete formation and embryogenesis (oogenesis, and late embryogenesis: Doral closure and head involution) and imaginal development (dorsal thorax and compound eye development). It also interacts with other genes, like the membrane receptor protein Flower.
Zinc finger proteins
The Drosophila piragua gene codes for a protein with nine instances of the abundant Cys 2 His 2 zinc finger (C 2 H 2 -ZF) protein motif (Lander et al., 2001; Andreini et al., 2006) . The C 2 H 2 -ZF motif bound by coordination to a zinc ion forms a digit-like shape in space that can interact with DNA, RNA, and proteins (Gamsjaeger et al., 2007; Matthews et al., 2000; Matthews and Sunde, 2002; Razin et al., 2012) . C 2 H 2 -ZF encoding genes may harbor another zinc ion-bound-by-coordination motif, the ZAD or C 4 DM (Chung et al., 2002) . The ZAD domain forms a cloverleaf structure in space coordinated by a zinc ion and four cysteine residues.
Identified mutations in their ZAD or ZF domains gives rise to loss of function alleles (Chen et al., 2000) . The Grauzone ZAD motif is involved in protein-protein interactions (Chang et al., 2010; Crozatier et al., 1992; Gaszner et al., 1999; Gibert et al., 2005) . By extension, ZAD motifs in other proteins are thought to be protein-protein interaction modules. Recently, consensus binding DNA sequences for target genes were obtained for 21 ZAD-ZF-containing genes, using GST-chimeras, electrophoretic mobility shift assays, and bioinformatics, showing that these 21 genes are in general early embryonic regulators (Krystel and Ayyanathan, 2013) .
Despite commonality of ZAD-ZF genes and efforts to characterize their function (Jauch et al., 2003; Krystel and Ayyanathan, 2013) , relatively little is known about them. Some might have redundant functions (Chung et al., 2007) . ZAD-ZF genes expression patterns in Drosophila embryos tend to be widespread. This might suggest, likewise, widespread functions in developmental processes (Knight and Shimeld, 2001) 1.2. piragua in embryonic tissues: dorsal closure and head involution At mid-embryogenesis, the Drosophila embryo undergoes dorsal closure, a process where its dorsal aspect is covered by the future tegument. Lateral epithelia (LaE) stretch dorsally over the amnioserosa (AS); both LaE and AS are ectodermally derived tissues. (Rios-Barrera and Riesgo-Escovar, 2013) . The AS cells relax and contract in an oscillatory pattern before and during DC. (Fernandez et al., 2007; Muliyil et al., 2011; Reed et al., 2004; Solon et al., 2009) . During DC contralateral postmitotic LaE cell sheets extend in a dorsalward fashion and close the embryo dorsally (Kiehart et al., 2000; Layton et al., 2009; Peralta et al., 2007; Peralta et al., 2008) .
Three basic categories of genes are required for DC: Jun-N-terminal kinase (JNK) pathway genes, other signaling genes like dpp, Rho, and Dcdc42 and thirdly, cytoskeletal proteins like tubulin, integrins, and a non-muscle myosin. Dutta et al., 2002; Harden, 2002; Homsy et al., 2006; Jankovics and Brunner, 2006; Riesgo-Escovar and Hafen, 1997a; Riesgo-Escovar and Hafen, 1997b; Riesgo-Escovar et al., 1996; Rios-Barrera and Riesgo-Escovar, 2013; Young et al., 1993; Zeitlinger et al., 1997) . Besides these, another ZF protein has been implicated in DC: cabut, with three C 2 H 2 -ZF (Belacortu et al., 2011; Munoz-Descalzo et al., 2007; Munoz-Descalzo et al., 2005) .
Head involution starts at about the same time as dorsal closure, and is the rearrangement of tissues at the anterior end of the embryo. This basically involves internalization of the six head segments. There are close parallels between dorsal closure and head involution, including shared genetic components (VanHook and Letsou, 2008 ). Here we show piragua is required for both dorsal closure and head involution.
piragua in cell-cell competition
Cell-cell competition was discovered many years ago in imaginal disc tissue (Morata and Ripoll, 1975) . Since then, several genes have been found to be critical: Minute mutations (mutations in genes encoding ribosome proteins), and dmyc, that triggers ribosome biosynthesis (Moreno and Basler, 2004) . It is thought that 'fitter' cells incorporate higher amounts of survival factors and signaling molecules, translated in a 'survival code' that is secreted extracellularly, read by competing cells, leading to the culling of 'loser' or slower growing cells (Rhiner and Moreno, 2009 ). In a screen designed to isolate genes expressed early in 'loser' cells, prg levels were found to increase, and, via RNAi experiments, to be required for apoptosis of imaginal 'loser' cells. Among six such genes, prg was the sole transcription factor (all remaining five genes were membrane proteins) (Rhiner et al., 2010; Rhiner and Moreno, 2009) .
In the same cell-competition screen where prg was isolated, another gene, flower (fwe), was isolated that had been cloned before (Yao et al., 2009a) . fwe is considered the best-characterized cell-competition gene (Casas-Tinto et al., 2011; Merino et al., 2013; Moreno and Rhiner, 2014; Rhiner and Moreno, 2009) . fwe loss of function homozygous mutant cells in clones in developing imaginal tissue fail to suffer apoptosis. Here we show that prg and fwe interact genetically.
piragua in imaginal tissues: dorsal thoracic closure and eye development
Published RNAi experiments driving two prg RNAi constructs in the dorsomedial portion of embryos, larvae, and adults using the pnr-Gal4 (pnr
MD237
) line lead to adult flies that showed lack of thoracic bristles and pigmentation defects in the thorax and pupal death (MummeryWidmer et al., 2009) . Observation of the published mutant phenotypes also shows thoracic clefts. Here we observe lack of bristles and thoracic clefts in piragua mutant clones. Compound eye development is a classic and very well described structure (Bate and Martinez Arias, 1993) . Here we report a surprising mutant phenotype: Lack of bristles, gross external cone malformations, and extensive tissue disarray in prg mutant clones.
Results

prg locus and mutants
We have isolated mutations by imprecise P-element excision in a locus we named piragua (prg). piragua means small boat in Spanish. A small fraction of mutant embryos sport a hole in the dorsal aspect of the cuticle, resembling such a vessel. prg is located (locus CG9233 in FlyBase (2003) ) on the left arm of the second chromosome at 29D1 (2L: 8,464,488 to 8,466,694) (Fig. 1A) . The prg locus theoretically codes for two transcripts of 2149 and 1984 bp long, respectively, differing only in the length of the 3′ trailer sequences (these transcripts are also known as fu2). There are two reported fully sequenced cDNAs for prg (BT025217 and RE69756), of 1997 bp each. prg encodes a hypothetical protein of 558 aminoacids (aa) encoding an amino terminus ZAD domain and nine classical C 2 H 2 zinc fingers, with no close homologs in non-dipteran species (Fig. 1B) .
Prg is evolutionarily conserved in Drosophilids and Dipterans (Fig.  S1 ). The first six Prg ZF are contiguous and separated from the other three ZFs by 40 aa. The Prg ZAD domain is in the first 90 aa of the putative protein, containing a very conserved arginine between the first two cysteines (Figs. 1B and S2) .
We generated three mutant prg alleles (prg ) by excision of the P-element transposon in the P{GT1}fu2 BG02741 strain whose insertion point is in the prg transcription unit (Fig. 1A , prg schematic). This P-element is inserted in the 5′ leader sequence of the transcript (at 2L: 8,464,503, 15 nucleotides downstream from the proposed transcription star site) (Fig. 1A ). This stock is viable and fertile and has no mutant phenotypes. All three mutant alleles derived from P{GT1}fu2-BG02741 are homozygous lethal. The three alleles fail to complement each other. Sequencing of the locus failed to reveal molecular abnormalities in prg 1 and prg 2 , arguing that the defects were not present in the coding region. Semi-quantitative RT-PCR failed to reveal significant reductions of prg mRNA in prg 1 and prg 2 mutants. In contrast, prg 3 mutants have a significant reduction of prg mRNA, strongly arguing that locus CG9233 codes for prg (Fig. 1C) (Crozatier et al., 1992; Gaszner et al., 1999) . Overall, this collectively argues very strongly for CG9233 as the locus for prg.
prg embryonic expression and phenotypes
prg is expressed very dynamically during embryogenesis ( Fig. 2A) . From early mRNA expression in the non-cellularized embryo, both the mRNA and the protein product are expressed primarily in the ectoderm, in the germband, during germband extension and retraction, and, later, in the mesoderm as well as during dorsal closure. At the end of embryogenesis expression is also seen in the endoderm. We generated a rat polyclonal antibody against the first 400 aa of the predicted Prg protein.
The antibody recognizes a single band of approximately 60 kD, consistent with the size of the protein (Fig. S3 ). The Prg embryonic protein expression is very comparable to the mRNA (Figs. 2A, S3 ). This expression pattern is compatible with several requirements for Prg during embryogenesis.
We studied prg expression in imaginal tissue (Fig. 2B ). prg is expressed in wing, eye-antenna, and leg discs. The expression seen is fairly generalized, yet in the eye-antennal disc expression is highest in the eye portion of the disc, particularly in undifferentiated cells ahead of the morphogenetic furrow. This is consistent with a function for prg in imaginal development.
prg mutants are all lethal, with an extended phenocritical period that encompasses embryogenesis and first-second instar larvae. We collected and counted prg mutant alleles and control homozygous wild type embryos from 24 h egg lays. We cultured them for at least another 24 h, and examined them. prg has several embryonic mutant phenotypes. Roughly a quarter of embryos treated this way do not develop cuticles in prg 2 and prg 3 , significantly different from control and prg 1 (Fig.   3A ). This implies an early embryonic requirement for Prg function, consistent with the early maternally derived expression of prg mRNA and (Han et al., 1996) ) carries a ry transgene used for identification. In the map below, a second P transposon lying approximately 400 bp from 401, in the 5′ end of prg, P{GT1}fu2 BG02741 is depicted as an inverted triangle. prg has one intron (thin blue line) and two exons (colored rectangles). The open reading frame is the dark blue, whereas the 5′ leader and 3′ trailer sequences are light blue. (B) The prg transcript codes for a 558 aa predicted protein with an amino terminus ZAD domain, and 9 ZFs, divided in two blocks, with 6 and 3 ZFs, respectively. (C) Semi-quantitative PCR shows that prg 3 has a significant reduction in the prg transcripts; ** is significantly different at p b 0.05 (t-test).
protein. Next, we analyzed dead embryos that form cuticles: some cuticles have dorsal open phenotypes, and a few head involution defects ( Fig. 3B ). This difference is significantly different for prg 2 , and is consistent with a later requirement for Prg during embryogenesis. Notice the extensive prg mRNA and protein in the lateral epithelium during dorsal closure stages ( Fig. 2A) . Next, we analyzed the mutant embryos that hatched: they all died as first and second instar larvae ( , but similar hatching rates, and prg 2 mutants have a significant difference in cuticular phenotypes. prg 1 is the weaker mutant allele, with no significantly different embryonic phenotypes. The mutant phenotypes are also consistent with the prg expression pattern. We generated prg 3 germline clones. These eggs are significantly smaller than control eggs, do not develop, and have abnormal dorsal appendages ( Fig. 3E-G) . This is consistent with a Prg requirement during oogenesis, and shows an early requirement for Prg function during oogenesis.
Finally, we attempted a rescue experiment in prg 3 homozygotes, using an actin-Gal4 driver and two copies of a UAS-prg construct. We rescued embryonic phenotypes (cuticular defects and excess of dead embryos with no cuticle synthesized), but surviving larvae did not eclose as adults (Fig. S4) . This is consistent with other prg requirements during larval life, which we were not able to rescue. Semi-quantitative PCR in these embryos showed that the rescue-expressing embryos had a significantly higher level of prg transcript expression (Fig. S4C) . Taken together, all the foregoing point to CG9233 as coding for prg.
prg and fwe interact during embryogenesis
Recent work identified the piragua locus (referred to as CG9233) in a supercompetition screen that identified loci expressed early and required in losing cells for cell death in wing imaginal discs. Populations of imaginal cells with different amounts of Myc were confronted: Regular cells versus Myc ectopically expressing cells. prg expression augments in loser, regular cells. In this confrontation, besides prg, 'loser cells' express higher levels of a few other genes (Rhiner et al., 2010) .
The work identified a total of six genes expressed early in 'loser cells'. RNAi against these genes in 'loser cells' found that in three cases this prevented 'losing cells' from being culled. The three genes are prg, flower From an early generalized prg expression, both the transcript and the protein are expressed in the germband (arrowhead), the lateral epithelium, the mesoderm, and finally, the endoderm (arrow) at the end of embryogenesis. in situ controls were a sense probe, and immunostaining controls had no primary antibody in the incubation. Embryos are arranged in a lateral view with dorsal side up, and anterior left. (B) piragua is expressed in imaginal discs. Third instar wing, eye-antenna, and leg disc show significant expression of the piragua transcripts (bottom row; top row are corresponding sense probe controls). Arrow in eye-antenna disc marks the morphogenetic furrow. Expression of piragua is higher in front of the morphogenetic furrow.
(fwe), and lamp1. We wondered whether any of these two other genes interact with prg in a loss of function scenario -specifically in embryos, where prg mutants harbor phenotypes. Would lack of function of any of these other genes have on their own phenotypic consequences akin to prg embryos? lamp1 codes for a membrane protein present in the lysosome and plasma membranes. Not much is known about lamp1 (Hofmann and Munro, 2006) . All alleles known are described as viable and fertile (FlyBase, 2003) .
fwe codes also for a membrane protein, thought to oligomerize to form a calcium channel (Yao et al., 2009b) , and to act also as part of a code, via expression of some Fwe 'lose' isoforms, signaling from expressing cells that are to be culled from the tissue (Rhiner et al., 2010) . In the ectopic Myc-driven supercompetition assay loser cells in wing imaginal tissue express two specific isoforms of Fwe (Fwe loser A and loser B forms, the longest isoforms), whereas in another scenario, during normal final eye morphogenesis, only one 'loser' Fwe isoform (Fwe loser B isoform) is expressed (Merino et al., 2013) . We wondered whether fwe has an embryonic phenotype, and if so, whether prg and fwe might interact.
We first studied whether fwe loss-of-function homozygotes have bona fide embryonic phenotypes, in particular if they are comparable to prg. We examined two fwe alleles, fwe HP35545 and fwe EY08496 . Both are P-element transposon insertions in the fwe 5′ UTR region, at 44 and 56 bp 3′ from the start of transcription, respectively (FlyBase, 2003) . In our hands, both alleles are lethal, with embryonic and first instar larval phenocritical periods (Fig. 3H-K) . About three quarters of ; p b 0.05 (t-test). In (F) and (G) anterior is left, and dorsal is up. A fraction of fwe mutant embryos die during embryogenesis; the rest as larvae, and fwe and prg genetically interact. (H) Normalized frequency of empty vitelline phenotype for fwe mutant embryos and fwe-prg genetic interactions. (I) Normalized frequency of cuticle phenotypes (dorsal closure plus head involution defects) for fwe mutant embryos and fwe-prg genetic interactions. (J) Normalized frequency of hatching for fwe mutant embryos and fwe-prg genetic interactions. (K) Normalized frequency of occurrence of pupae for fwe mutant embryos and fwe-prg genetic interactions (in the mutant strains, no pupae were ever observed). For (H)-(K) an asterisk (*) denotes a significant difference from the y,w control strain; β denotes a significant difference from the prg 3 mutant strain, and & denotes a significant difference from the fwe EY08496 mutant strain. p b 0.05; chi-square. n = 583 for a; 1237 for b; 677 for c; 541 for d; 166 for e; and 79 for f. This head involution phenotype constitutes the main phenotype of fwe mutant embryos, a phenotype also seen in prg mutant embryos, although much less frequent. A small fraction of fwe mutants also has dorsal closure defects. In summary, the phenocritical period of mutant alleles of both loci is equivalent: embryonic development and first/second instar larvae, and the cuticular defects of those embryos that synthesize cuticle are similar, with head involution defects being the norm in fwe, whereas lack of cuticle is the most common phenotype in prg.
Since fwe and prg have roughly similar phenocritical periods, share types of embryonic phenotypes, we wondered whether they also genetically interact (Fig. 3H-K) . Regardless of the genetic combination (a double mutant homozygote, or heterozygous mutant for one gene and homozygous mutant for the other), results are similar: the resulting embryos have an abundance of dead embryos without synthesizing cuticle, like prg, and also an abundance of head involution defects, like fwe. As a consequence, up to 89% of mutant embryos die, with the few remaining larvae dying as first instar larvae. This increase in embryonic lethality is highly significant in all cases, and points to a genetic interaction between the two loci. 
prg displays sluggish kinetics during dorsal closure
Since embryonic cuticular phenotypes found in prg mutants are dorsal closure and ensuing head involution defects, we next examined whether there are dorsal closure defects in living prg 3 embryos that may explain the mutant phenotypes. In particular, whether these defects, if present, may also explain why the defects are seen only in a fraction of embryos. We examined the kinetics of dorsal closure in living mutant and control embryos (Fig. 4A-B) . We found that prg mutants display significantly delayed kinetics compared to wild type controls ( Fig. 4D-E) , quantitated by either the remaining AS area left in the dorsal aspect of the developing embryo, or the distance separating advancing LE. In some cases, this sluggishness does not prevent final closure (Movie SM1), while in other cases, this led to failures and abnormal alignment of LaE sheets (Movie SM2), exemplified by detachment of LE from the underlying AS, similar to other dorsal closure mutants, like basket (Movie SM3). This kinetic phenotype is consistent and may explain the cuticular embryonic phenotypes seen in prg, as well as its occurrence in some, but not all, embryos (those that finalize embryonic development then die as larvae).
Mutant prg clones have extensive defects in adults
Since prg mutants all die as larvae at the latest, we wondered whether prg might have other functions later in development, especially since loss-of-function can impair cell death in super-competition assays in wing imaginal tissue, and there is prg expression in imaginal discs (Fig. 2B) . We generated prg mutant clones in cells giving rise to dorsal thorax (wing imaginal disc) and compound eye (eye-antenna discs) (Fig. 5) . We found that thoracic mutant clones lacked chaetae, and in cases, showed a slight indentation of the mid-dorsal thorax, suggestive of problems with thoracic closure, problems that may be consistent with altered thoracic closure kinetics, compared to controls (Fig. 5A-H) .
Mutant eye tissue had very striking defects, compared to controls (Fig. 5I-Q) , with lack of eye bristles, extensive malformation of ommatidial cones, leading in some cases to holes within them, extreme roughness of the compound eye, and extensive disarray of ommatidial cells and retinular cytoarchitecture, with common picnotic figures in tissue sections. These defects stand in stark contrast to those encountered with fwe mutants, where only extra photoreceptor cells are culled (and thus, believed to be barred from forming incomplete ommatidia at the rim of the compound eyes), via physiological expression of the fwe gene 'loserB' protein isoform (Merino et al., 2013) . These defects arose both in cases where mutant cells where next to wild type control cells (Fig. 5L-N) , or when twin-spot and heterozygous cells mainly died from expression of a hid transgene (Fig. 5O-Q) .
Overall, we see extensive imaginal defect in several tissues. The occurrence of picnotic figures in mutant clones ( Fig. 5N and Q) suggests that cell death can happen in prg mutant cells, at least in conditions where there is no super-competition. The damage to the eye cytoarchitecture is so extensive as to lead to eye collapse and warrant further studies.
Discussion
piragua is a ZAD-ZF protein
In Drosophila there are 81 loci encoding proteins with ZAD and ZF domains (Chung et al., 2007) . The ZAD motif is always amino terminal in these proteins, and in different insect groups particular classes have suffered specific lineage expansions. Studied vertebrate genomes have only one ZAD motif-containing gene (Chung et al., 2007; Chung et al., 2002) . Known examples include gene expression regulators. prg codes for a ZAD-ZF transcription factor, part of this extensive class in many invertebrates, thought to be partially redundant, and to have had lineage specific recent expansions.
Drosophila ZAD-ZF genes are diverse. Studied examples are: The insulator promoter zeste-white-5/scs binding protein (zw5/SBP) (Gaszner et al., 1999) , the transcription factors grauzone , poils au dos (Gibert et al., 2005) , and zif (Chang et al., 2010) , the transcription factor-associated dorsal interacting protein1 (Dip1) (Chung et al., 2002) , trade embargo, required for chromosome recombination (Lake et al., 2011) , hangover for stress and ethanol tolerance (Scholz et al., 2005) , and ranshi for female fertility (Lewandowski et al., 2010) . piragua appears to be the more pleiotropic of the lot: Here we show requirements in many different developmental contexts.
Developmental processes occur via cellular phenomena: Cellular proliferation, cellular shape changes, changes in cellular motility and adhesivity, cell competition and survival, and changes in cellular signaling and gene expression (Gilbert et al., 2006) . piragua affects several developmental processes. Altering these varied phenomena suggests that a common denominator is at work, similarly altering different cellular contexts.
prg is a vital and pleiotropic gene
prg also has an extended phenocritical period, and the defects evidenced in different cellular contexts in the mutants are varied: abnormal morphology, no cuticle formation, cuticular defects, sluggish development, and extensive imaginal tissue defects, including picnotic figures and overall disarray of tissue architecture. What could be influencing all these phenotypes? As a transcription factor, prg could be inscribed into the hazy category of somewhat "general" developmental regulators.
In this sense, the fact that development timing, like in dorsal closure stages, is different in the prg mutant conditions, leading at the end to failure, could be instructive. This timing alteration is perhaps also reflected in the sluggishness that accompanies mutant larvae. A way to tie all these dissimilar phenotypes might lie precisely in timing. Keeping the right timing is essential: too long developmental times lead, in some cases, to early failure, and in others, to distraught development, whereas fast timing can also be just as disruptive, ending, in extreme cases, in death.
Prg was identified in a gain-of-function screen as member of a class of genes expressed early in 'loser' cells required for death. This associates Prg with 'loser', 'sluggish' cells that lose in cell-cell competition during development. As an extension of this interpretation Prg might be required in cells with different "vigor and fitness" as compared to neighbors, as being part and parcel of cells that might need a different tempo during development.
For example, it is well known that during dorsal closure, the speed at which cells change shape is critical. Too much activation, like in the puc phosphatase mutants, generates lethal dorsal open phenotypes (Martin-Blanco et al., 1998) , similar to the mutant phenotype resulting from reduction of activation, like in bsk mutants (Riesgo-Escovar et al., 1996) . Prg function, and the expression program that goes with it, might lead to the appropriate "competitiveness" and the right "speed" of cells undergoing several developmental processes, like shape changes. It might then result in dorsal closure having proper dorsal closure kinetics.
Prg could function to dictate the tempo of several other developmental processes, a function hinted at from the Myc gain-of-function screen, an instance where Prg could function to 'prepare' cells to die, driving them to a different tempo (Rhiner et al., 2010) . Violation of these time parameters could lead to tissue disarray, and end in disparate phenotypes, like morphological abnormalities exemplified in abnormal mutant eggs, dorsal and anterior open mutant phenotypes, thorax malformations, or strong eye phenotypes. In this way, prg might exemplify a different class of heterochronic mutations, where timing becomes critical in particular developmental contexts, and where different developmental velocities might turn out to be advantageous. A change in these normal but different rhythmicities would lead, either by accumulated partial defects, or by stronger defects at any one point, to failure and death. This in no way precludes particular defects arising out of specific deficits in any one developmental context. In this regard, prg being a transcription factor might translate into regulation of some genes in some environmental milieus, and not in others. It would be of interest to see whether prg has such functions, perhaps besides the proposed "vigor" and "developmental speed" function, which might tie well with the described and here more amply documented interaction with fwe.
Finally, Prg timing defects might also be due to the fact that cells and tissues are developing in a 'rarefied' mutant ambience, and as the developmental context is not normal, it might just take longer to proceed. In essence, in this view, the different timing in Prg mutants is just a consequence of an abnormal developmental context. To substantiate any of the above interpretations, knowledge of the genes regulated by Prg should be illuminating.
prg and fwe have both common and distinct phenotypes
Despite the fact that fwe and prg have common defects: Embryonic mutant phenotypes, similar phenotypes in super competition assays in wing imaginal cells, and embryonic genetic interactions, not all defects are similar. Specifically, imaginal tissue phenotypes differ. Whereas fwe has a function in the culling of supernumerary cells in the rim of compound eyes, prg has a more widespread and critical function in the compound eye: mutant cells have striking defects, leading ultimately to death and gross tissue deformity and disorganization. This might ultimately reflect a more general and vital role for prg in imaginal development, as outlined above, and shed light on the array of functions and genes that prg regulates. In contrast, Fwe might be tuned more narrowly to cell-cell competition between similar cells, and not more general, broad tuning of developmental timing. Prg would intersect with Fwe just in this one aspect.
It is clear future studies addressing the extent and variety of prg-regulated genes are in order, to clarify the manner(s) and extent of prg function. It is perhaps surprising that particular embryonic and larval phenotypes are reasonably mild compared to eye phenotypes. So, imaginal tissue development and differentiation might be more illuminating, perhaps due to higher temporal astringency. Overall, prg represents a class of genes timing manifold developmental processes and milieus, and thus, acting as a critical, non-redundant component of development. were doubly balanced with a GFP-expressing attached second and third chromosome balancer. A y,w stock was the general background control stock. Rescue experiments were performed with UAS-prgC1 and UAS-prgC3 transgenic flies, which were independent insertions of a UAS-prg construct. The UAS-prg construct was obtained from ligating unto the pUAST vector the full length Not1-Kpn1 digested RE69756 cDNA obtained from the Berkeley Drosophila Genome Project (Stapleton et al., 2002) and injected in a y,w background. The FRT-FLP technique was used for clonal analysis in imaginal tissue (Xu and Rubin, 1993) , using a prg 3 allele recombined unto an FRT40 chromosome. prg germ line clones were generated by the FLP-DFS technique (Chou and Perrimon, 1996) , using the y −, w−, hsFlp; w +, ovoD1, FRT40A/CyO (Bloomington stock #2121) and the prg 3 FRT40A chromosome. For live imaging, a UAS-DECad-GFP (Solon et al., 2009) construct was introduced into the y,w and prg 3 stocks, and driven with the 69B Gal4 construct (Brand and Perrimon, 1993) .
Experimental procedures
Cuticle preparation
Cuticles were prepared as described (Riesgo-Escovar et al., 1996) . Eggs were collected on yeasted agar-grape juice plates for 24 h and aged at least another 24 h at 25°C to allow for embryonic development. We mounted embryos in Hoyer's or PVA-Lactic Acid (BioQuip Products, Inc.) mounting mediums. Embryos were viewed and digitized on an Eclipse microscope (Nikon) equipped with a Photonics camera.
Sequencing
Sequencing analysis was carried out from PCR-amplified 7 DNA fragments covering the genomic prg locus, from fly DNA purified according to (Riesgo-Escovar and Hafen, 1997a) . We used 5 dead mutant embryos for DNA purification. Primers used were: PRGF1 = GCATCATCAAACTTCAACCCC PRGB1 = CCGTATTATGGTGGCACAGG PRGF2 = GCCTGTGCCACCATAATACG PRGB2 = CTCCTCATCATCGTCGTCATAG PRGF3 = TGAGGAGGAGGAGGAAGACTAC PRGB3 = GACTTGCTGGTGGGCTATTAG PRGF4 = ACCAGCAAGTCCATACCAGG PRGB4 = CTGTAGAAGCCCAGATTCATTG PRGF5 = CGAACTTTCCAACGGGAGAG PRGB5 = CGACTAAAACAGCCTTGACCT PRGF6 = GTCAAGGCTGTTTTAGTCGTTC PRGB6 = AAGGTGGATTCGTATTCCCTC PRGF7 = TCTTTCTTGAGTTCGCCCC PRGB7 = CGCCAACACCTAAACACATC
Semi-quantitative RT-PCR
Selected homozygous mutant embryos were washed three times with PBS after dechorionation. Almost 300 embryos were used per RNA extraction by the Trizol method. 3 μg of RNA were used to generate single strand cDNA using the M-MLV Reverse Transcriptase (PROMEGA). For semiquantitative PCR, common rp49 and several of the prg primers shown in 4.3 were used. Logarithmic phase was calculated for the genes assayed: 22 cycles for PCR rp49 and 26 cycles for prg. Resulting PCR products were separated electrophoretically in a 2% agarose gel.
Live imaging
We recombined and employed a GFP-tagged DE-cadherin construct to follow DC in prg 3 and prg 2 mutants and wild type embryos. The study encompassed stages 13-15 of embryogenesis (DC) using either a spinning disc confocal microscope (Nikon) or a LSM 7 Live confocal microscope (Zeiss). Embryos were dechorionated, washed and mounted in Halocarbon oil in glass-bottomed culture dishes and imaged. Projections and time-lapse series were assembled and analyzed using ImageJ (Schneider et al., 2012) . Measurements of distance from LE borders were done with a 20× objective. n = 5 for wild type and 4 for prg. Plateau with decay function were adjusted for differences between slopes and were different at p b 0.001. Apical surface measurement of areas of mid-AS cells in wild type (n = 10) and prg mutants (n = 20) were done at 60 × measured and stage standardized by using images of embryos with the same distance between lateral sheets of LaE. Linear correlation was adjusted and T was significant at p b 0.001.
In situ hybridization
Embryos and imaginal discs were collected and processed as in (Riesgo-Escovar et al., 1996) using the slow formaldehyde fix method.
We used as probes digoxigenin-marked RNA (both sense and antisense probes) transcribed from RE69756 cDNA, according to the manufacturer's instructions (Roche).
Immunostaining
Embryos were collected and fixed using the fast formaldehyde fix method as in (Young et al., 1993) . Embryos were blocked with 25% bovine serum in PBST. All washes and incubations were performed in 5% bovine serum in PBS. We generated a Prg polyclonal antibody by injecting a peptide with the first 400 aa of Prg in rats. Anti-Prg antibody was incubated in a 1:100 dilution and anti-rat in a 1:1000 dilution. We obtained micrographs using a Nikon Eclipse microscope equipped with a 10× objective, 0.3 NA using bright field optics. For the anti-Prg fluorescence stainings in Fig. S4 , we fixed and stained embryos according to (Riesgo-Escovar et al., 1996) . We used a 1:250 dilution of the anti-Prg antibody, and a 1:500 GFP-anti rat secondary antibody. We counterstained with DAPI. We obtained micrographs using a Zeiss 510 Meta confocal microscope using the 40×, 1.2NA water corrected objective at various electronic zoom settings (4.1 and 8.2 for panels A-C and D-F, respectively, in Fig. S3 , single optical sections).
Western blot
Embryos were collected, processed, and Western blots performed according to (Riesgo-Escovar et al., 1996) . We used a 1:1000 dilution of the anti-beta-tubulin antibody (E7 from the Developmental Studies Hybridoma Bank) and 1:300 dilution of the affinity purified anti-Prg polyclonal antibody. Blots were developed using NBT-NCIP (nitro-blue tetrazolium and 5-bromo-4-chloro-3′-indolyphosphate) and a secondary anti-mouse or anti-rat antibody, respectively, coupled to alkaline phosphatase (1:1000). Experiments with prg mutant homogenates yielded similar results.
Scanning electron microscopy
We processed adult flies for scanning electron microscopy as in (Riesgo-Escovar and Hafen, 1997a).
Bioinformatics
Sequence comparisons, dendrogram analysis, and sequence alignments were done using BLAST (Altschul et al., 1990) .
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.mod.2016.12.003.
